Fish discards and by-catch issues are highly topical subjects nowadays permanently under a social focus. To manage this issue, two main approaches are being considered to address this discard problem: reducing by-catch and increasing by-catch utilization. As these two harvesting strategies may be complementary, an appropriate balance between by-catch reduction and utilization is desirable for any fishery.
Introduction
Most of Persistent Organic Pollutants (POP) and heavy metals emitted to air or water as products or by-products of industrial activities, or applied directly on land (i.e. pesticides) can travel long distances from its primary source, and can finally end up in the marine environment (1,2). Most common examples of these substances are polychlorinated dibenzo-p-dioxins (PCDD) and dibenzofurans (PCDF), polychlorinated biphenyls (PCB), polycyclic aromatic hydrocarbons (PAH), organochlorine pesticides (OCP) (like hexachlorobenzene -HCB, hexachlorocyclohexanes -HCHs, dichlorodiphenyltrichloroethane -DDTs, and metabolites like dichlorodiphenyldichloroethylene -DDE), polybrominated diphenyl ethers (PBDE), hexabromocyclododecanes (HBCDs) and metals like As, Cu, Cd, Zn, Pb and Hg. Due to their persistence and toxicity, they can accumulate in biota and biomagnify through trophic webs, being biomagnification especially important for aquatic organisms (3,4).
Many studies in the scientific literature, like surveys of fish and fish products in markets of different countries (5-8), monitoring reports of Public Administrations and the EU (9), as well as web tools like the EcosystemData of ICES (http://ecosystemdata.ices.dk/), reported significant levels of this kind of pollutants (especially of dioxins, PCBs and heavy metals) in several cases for commercial species of different fisheries. Many of these studies have been developed in heavily polluted areas like the Baltic and North Seas (10-12). Hence, it is logical to assume the presence of contaminants in other non-commercial species, although contamination levels in these non-targeted and/or discarded species are not usually assessed. However, a sustainable management of discards passes through the evaluation of their pollutant content, since the most common uses of discards are oriented to both the production of fish oil and meal (for aquaculture/animal feeds) or as additives in human direct consumption products (food supplement, margarines, gelatine, etc.). In fact, pollutant amounts found in some marine valorized by-products are of concern (13). On the other hand, some studies revealed that concentration of POPs is significantly higher in farmed fish (mainly salmon) than in wild fish (14-16). This is due to the presence of pollutants in feed, which comprise fish oil and meal (17). Concerns on this issue have led EU to set maximum levels for dioxins and dioxin-like (DL-) PCBs for aquaculture feeds (18), fish and fish products (19)
For fulfilling these regulations, different options are available to the fish farming industry. One possibility is to use fish oils or meals presenting low levels of these pollutants for fish feed, for example, from the southern hemisphere (20). However, this
is not the optimal approach, since fish oil availability is already limited (21). Another solution is to employ vegetable oils in the feed, but these oils do not contain the fatty acids that represent the positive nutritional properties of marine food, and thus, fish breeding with vegetable oils results in specimens with worse performance, health and quality. In fact, a mixture of oils is usually employed as compromise solution (20, 22, 23) . Finally, pollutants could be removed from the oils and meals used in fish feeds, while retaining the nutritive components of the oil (21). Therefore, research and development of technologies for the removal of these contaminants has gained considerable importance (17), since market demand for decontaminated fish feeds in aquaculture has increased during last years (20) . Most studies on pollutant removal techniques are focused on the reduction/elimination of POPs (dioxins and dioxin-like polychlorinated biphenyls) in fish oils, especially those produced for salmon breeding.
Less attention has been paid to fishmeal, and none to other valorized fish products, like gelatin or hydrolizates. Taking into account the lipophilic character of pollutants, their levels on this type of proteic products should not be of concern.
In the aim of promoting the responsible and sustainable management of the European fishing activity, actions were directed to the development of policies to reduce unwanted by-catches and eliminate discards in European fisheries, as well as to make the best possible use of the captured resources avoiding its waste. In this sustainability framework, FAROS project, co-funded under the LIFE+ Environmental Program of the European Union (LIFE08 ENV/E/000119 -www.farosproject.eu), aims as one of its main objectives to analyze the valorization potential of fish discards in order to contribute to their sustainable management by minimizing discards/by-catch through their optimal valorization to recover and to produce valuable chemicals of interest in the food and pharmaceutical industry (24). In order to properly define these adding-value processes, the key issues of pollutant levels in catches of European fisheries (including target and main discarded species), as well as the best available decontamination techniques of marine valorized by-products were compiled and analyzed from several studies, with the objective of providing a general picture of the present management options.
Pollutant content in species of European fisheries

Existing pollutant profiles
To date, Ecosystemdata web tool of ICES (http://ecosystemdata.ices.dk/) can be considered one of the most complete infrastructure of marine data compilation corresponding to the European fishing area. A search within this database was developed for all the discarded species (159) identified in the fisheries considered in The objective was to check which "FAROS species" (main discarded species in these fisheries) were found in the database, and if present, which ones were monitored on pollutant profiles. The qualitative results of this query are shown in Table S1 of the Supplementary Material. It can be seen that pollutant analyses are only available for 25 of the 159 species reviewed. Among these 25 species, only 7 correspond to the 29 main species discarded in the Spanish and Portuguese métiers, marked on grey in Table S1 (25). These species are: Chimaera monstrosa (rabbit fish), Lepidorhombus whiffiagonis Tables 1 and 2 . These commercial species are considered as discards in Great Sole Bank and Atlantic Spanish and Portuguese coast métiers (although most of them usually at a very low rate) for different reasons.
The main ones are: i) legal reasons related to the quota system; ii) strategic or commercial reasons; iii) lack of quality in the case of damaged specimens or in poor condition; etc (25).
Data were collected from market surveys in different countries and from other relevant studies available on commercial fish species (flesh or viscera). Origin was also included when possible. Although many studies on pollutant monitoring are available for the area of the Baltic Sea, they were not included in Tables 1 and 2 since the species monitored (herring, cod, sprat, etc.) are different from those considered in the selected fishing area (Great Sole Bank and coastal waters of the Atlantic side of the Iberian Peninsula). Pollutant concentration values for a total of 43 species were recorded, 14 of them corresponding to the most discarded species in the métiers considered in this analysis (marked on grey in Tables 1 and 2 ).
In Heavy metal bioaccumulation is related to biotic and abiotic factors such as water temperature, fish biological habitat, chemical form of metal in the water, fish species, gender and length or age (50) . In general, it was observed that concentrations of metals are significantly higher in liver tissues than in muscle for the monitored species. This is particularly of concern when thinking in produce fish oil from livers. Concentration values ranges can vary widely among species and even for the same species in the same study, which implies a clear influence of location (as expected). Among the mostmonitored species, specimens of Aphanophus carbo (black scabbard), Coryphaenoides rupestris (roundnose grenadier) and in less proportion Merluccius merluccius (hake), Sardina pilchardus (sardine) and Scomber scombrus (Atlantic mackerel) presented levels of pollution that can be of concern when thinking in further valorization technologies, since concentration steps are always present in these processes.
Concentrations of PCDD/Fs, PCBs, HCB, DDTs, chlordane, PBDEs, DDE and HBCD are shown in Table 2 . PCBS and PCDD/Fs were the most frequently analyzed pollutant, due to their higher toxic effects on human health.
In many of the studies shown in Tables 1 and 2 , the exposure to a variety of pollutants by fish ingestion was assessed (6,7,41,42). The conclusions were similar in most of them: moderate fish consumption not only does not pose a risk to human health but also has numerous nutritional benefits. However, production of fish oil and meal involves concentration processes that could increase pollutant concentration in valorized products, becoming an important problem.
Pollutant removal techniques
As previously mentioned, the most common uses of discards are the production of fish oil and meal. As shown in and other marine solid by-products is presented.
Fish oil
A key factor during fish oil refining is to remove contaminants without altering the levels of present nutritionally valuable compounds and the oxidative status of the oil (54, 55) . A reduction of some type of pollutants associated to fish oil during refining has been assessed. This is due to the fact that crude fish oils are usually refined to reduce the content of free fatty acids, metal traces, pigments, etc. In particular, the deodorization step (steam distillation at high temperature and vacuum) causes a decrease not only in residual pigments and other volatile compounds, but also the almost total removal of most volatile pollutants like organochlorine pesticides (α-HCH, lindane, etc) and the reduction to a half of the initial concentration of PCBs and less volatile organochlorine pesticides (56) . However, standard conditions (180 ºC and 2 hours of contact) of deodorization are found to be inefficient for the removal of dioxins and furans.
Most up-to-date efficient removal methodologies for fish oil involve the use of a solid apolar adsorbent (like activated carbon), distillation processes, extraction processes or a combination of these techniques. marker PCBs and 9% PBDEs.
In general, activated carbon adsorption is an appropriate method for removing dioxins and furans, but low elimination efficiencies are obtained for DL-PCBs. Efficient activated carbon adsorption depends on a planar molecular conformation, and this will strongly limit the number of possible POP to remove based on this technology (58).
Therefore, complete decontamination of fish oil could only be achieved by a combination of activated carbon with other extraction (stripping) process (55, 62) .
Supercritical CO 2 extraction
Supercritical CO 2 extraction (SCE) has been applied to several different processes, PCDD/Fs, the authors considered an adsorption process with activated carbon. Removal ratios of this process were higher than 90% for all of the isomers of PCDD/Fs, while removal percentages for PCBs were within 1% (mono-ortho) and 30% (non-ortho).
Consequently, a combined removal process (SCE with CO 2 followed by activated carbon adsorption) was more effective, since almost 100% of the total TEQ value was reduced.
The same authors advanced in this field, assessing the use of continuous counter The feedstock used in the study by Oterhals et al. (65) was the same as earlier reported on activated carbon-based decontamination of fish oil (58) . Therefore, these authors were able to compare both removal methods. Activated carbon is an appropriate method for removing compounds like PCDD/Fs, PAHs and some congeners of PCBs, which present a coplanar structure, since effective adsorption is dependent on dispersive electronic interactions affected by sorbate planarity and steric effects (66) . However, compounds like most of organochlorine pesticides and PBDEs are not adsorbed and removed by this method. On the contrary, the efficiency of a SPD based decontamination process is mainly dependent on the volatility of the respective compounds and the selection of favorable process conditions. SPD is less influenced by the conformation and chemical nature of POPs to be removed when compared to activated carbon adsorption (65) .
However, the use of SPD to eliminate POPs from fish oils will also remove other volatile compounds and decrease the nutritional value and oxidative stability of the oil.
This fact is due to the high temperature levels (>200 ºC) applied to the fish oil during the process. Oterhals and Berntssen (67) However, the final nutritional quality (PUFA content, etc) of the product was not evaluated.
Fishmeal and other marine solid wastes
Although several alternatives have been tested for the elimination of pollutants from fish oil, less emphasis has been given to the development of purification alternatives for As stated, the assessment of pollution levels in fish and the application of removal techniques when necessary is a key factor for an effective discards management.
Nonetheless, more alternatives apart from fish oil and meal must be provided to the processing sector in order to optimize the reuse of the different species by the production of high-added value products. Hence, valorizing potential of the most discarded species in FAROS project will be evaluated in the second part of this work.
The potential presence of contaminants will be discussed in terms of valorization process of the different species. 
Supporting Information Available
Availability of pollutant monitoring data for discarded species in Spanish and
Portuguese fisheries is shown in Table S1 . 
Gadus morhua
Dioxins, furans, benzenes, bromocyclododecane, naphthalenes, PCBs, PAHs, alpha-endosulfan, α-HCH, α-HBCD, β-endosulfan, β-HCH, β-HBCD, dibenzothiophenes, cesium-134, cesium-137, cis-chlordane, cisnonachlor, DDE, DDT, PBDEs, dibutyltin, dieldrin, endrin, γ-HCH, γ-HBCD, heptachlor, heptachlor epoxide, HCB, hexachlorobutadiene, methoxychlor, mirex, monobutyltin, monophenyltin, PBTs, oxychlordane, toxaphene, pentachlorothioanisole, perfluorodecanoic acid, perfluoroheptanoic acid, perfluorohexanesulfonic acid, perfluorohexanoic acid, perfluorononanoic acid, perfluorooctanoic acid, perfluorooctanyl sulphonic acid, perfluorooctylsulfonate acid amide, perylene, radium-226, radium-228, N, P, DDD, tetrabromobiphenol, trans-chlordane, trans-nonachlor, tributyltin, triphenyltin and heavy metals (As, Cd, Cr, Co, Cu, Fe, Pb, Mg, Mn, Mo, Hg, Na, Ni, K, Se, Sn and Zn)
Gaidropsarus guttatus
No data available Galeorhinus galeus -Galeus melastomus -Gastropoda -
Geryon longipes
No data available 
